amine in hair dye formulations and has been reported to increase the tumors in the liver of mice 6) . These gradients were mixed with resorcinol and hydrogen peroxide to form a simple hair dye that contained only one aromatic diamine 7) . Hairdressers belong to an occupational group that is commonly affected by occupational skin disease, specifically contact dermatitis, which may be allergic or irritant and less commonly, contact urticaria 8) . Although epidemiologic studies on occupational exposure to hair dyes have included some reports of a positive association between hair dye and hematopoietic malignancies, overall the evidence linking the personal use of hair dyes to various leukemia and myelodysplastic syndromes subgroups is weak 9, 10) , but it has been reported that there is a statically significant dose-dependent association between hair dyeing and risk of ovarian cancer 11) . Women using permanent hair dyes are not generally considered to have an increased risk of fatal cancer, but women with prolonged used of dark, particularly black, hair dyes may have increased risk of fatal non-Hodgkin's lymphoma and multiple myeloma 12) . At 1983, Hofer et al. determined the chromosome aberration after repeated hair dyeing and they found an increase in the chromosome aberration rate with hair dyeing times 13) , but the levels of sister-chromatid exchange in the peripheral lymphocytes of humans exposed to single applications of proprietary hair dyes showed no such consistent increase. In recent years, single cell gel electrophoresis (SCGE), which is called "the comet assay", has been widely used to detect strand breaks, alkali-labile sites, DNA crosslinking, and incomplete excision repair sites. The technique has been shown to be a very sensitive method and a useful tool to detect genetic damage at the individual cell level and in human biomonitoring 14, 15) . Sardas et al. found the SCE assay could not detect the mutagenic effects of hair dyes in the lymphocytes of exposed subjects but found that subjects with a history of smoking had slightly more increased SCE than non-According to the National Cancer Institute (NCI) and International Agency for Research on Cancer (IARC), hair dyes that have been widely used are mutagenic and carcinogenic to animals [1] [2] [3] [4] . Hair dyes consist of semi permanent dyes and permanent oxidation type dyes, and these are the most common dyeing systems for coloring hair 5) . The main gradients of permanent oxidant dyes are ρ-phenylenediamine, 2,5-diaminotoluene, 2,4-diaminoanisole, ο-phenylenediamine, and 2-amino-4-nitrophenol. ρ-Phenylenediamine is the main aromatic smokers, but they did not identify differences between subjects exposed to hair dyes and control in the comet assay 5) . With this concern, we determined DNA damage in the lymphocytes of volunteers exposed to hair dyes by using the comet assay in this study. Therefore we selected subjects who have no smoking history to eliminate the effects of smoking on DNA damage and found that DNA damage in lymphocytes was treatment and heating time dependent. This is the first report showing that acute exposure to hair dyes causes DNA damage in human lymphocytes by means of the comet assay.
Materials and Methods

Subjects
Twenty people were selected from a panel of female volunteers who had responded to an advertisement in three beauty salons located in Seoul. We chose 20 people whose age ranged from 55 to 67 because they were likely to have a long history of hair dyeing. All subjects completed a questionnaire, which included items on smoking, drinking, age, medication, exercise, symptoms and hair dye using a history which detailed the types of dyes, the colors, duration and frequencies. Two separate experiments were carried out on August 13, 2001 . The subjects had not dyed their hair for one month before this experiment and all were non-smokers.
According to the manufacturer's instructions, we asked a hairdresser to provide the same hair dyeing treatment to all the subjects, but the treatment times were 5 and 15 min and heating schedules were 10 and 20 min according to amount of hair involved. Natural brown hair dyes commercially obtained from hair salons were used for this study. The ingredients of hair dyes were ρ-p h e n y l e n e d i a m i n e , m -a m i n o -p h e n o l , 2 , 4 -dichlorodiamino-penoxyethanol, N, N-bis(hydroxyethyl)-ρ-phenylenediamine sulfate and hydroxyprophyl-bis (Nhydroxyethyl-ρ-phenyldamine). The damage found after hair dyeing was not evaluated in this study. Informed consent was obtained from all participants in accordance with the regulations of the institutional review board for human subjects' protection.
Cell preparation and comet assay
Blood samples, 2-3 ml of heparinized whole blood, were collected by venipuncture from each human subject before and 6 h after hair dyeing and delivered immediately to the laboratory. The comet assay was carried out within 3 h and performed according to Singh with minor modification (Singh et al., 1988) . Normal melting point agarose (Ameresco, NMA) and low melting point agarose (Ameresco, LMA) were dissolved in PBS (Gibco BRL) in a microwave oven. In brief, 100 µl of 1% NMA applied to fully frosted slides precoated with 50 µl of 1% NMA for firm attachment and the slides were allowed to solidify with cover slips in the refrigerator for 5 min. After solidification of the gel, the cover slips were removed and lymphocytes in 50 µl mixed with 50 µl of 1% LMA were added. The cover slips were placed on the layer and the slides were allowed to solidify in the refrigerator for 5 min. After removing the cover slips, 100 µl of 0.5% LMA was applied to the third layer and the slides with cover slips were placed again in the refrigerator for 5 min. The slides were submerged in the lysing solution (2.5 M NaCl, 100 mM EDTA-2Na, 10 mM TrisHCl, pH 10; 1% Triton X-100 and 10% DMSO, pH 10 were added fresh) for 1 h. The slides were then placed in unwinding buffer (1 mM EDTA and 300 mM NaOH, pH 13) for 20 min and electrophoresis was carried out with the same solution for 20 min at 25 V and 300 mA (0.8 v/cm). After electrophoresis, the slides were neutralized by washing three times with neutralization buffer (400 mM Tris-HCl, pH 7.4) for 5 min each and were stained with 50 µl of 10 µg/ml ethidium bromide. The slides were examined with a Komet 4.0 image analysis system (Kinetic Imaging, Liverpool, UK) fitted with an Olympus BX50 fluorescence microscope equipped with an excitation filter of 515-560 nm and a 590 nm barrier filter. For each treatment group, two slides were prepared and lots of 50 randomly chosen cells (a total of 100 cells) were scored manually. Olive tail moment that was calculated automatically with the Komet 4.0 image analysis system was used, Olive tail moment (= (Tail.mean-Head.mean) * Tail%DNA /100).
Statistical analysis
Statistical analyses was performed with SAS version 6.12. We used Wilcoxon rank sum test for two group comparison and the Kruskall-Wallis test for multi group comparison. Differences before and after hair dyeing were tested with the Wilcoxon rank sum test. p-values were two-tailed. Table 1 shows the general characteristics of the subjects. The age of the subjects ranged from 55 to 67 yr and the subjects were divided into two groups by age. The tail moments of the groups, from 55 to 59 yr old and from 60 to 67 yr old, were 1.44 ± 0.2 and 1.46 ± 0.23, respectively, which was not statistically significant. The differences between the two groups in terms of alcohol consumption, exercise, taking pills and symptoms were not significant (Table 1) .
Results
Comparison of tail moment before hair dye application.
Comparison of tail moments before hair dye application by dye color, duration and the frequency of hair dyeing.
Tail moments before hair dyeing were determined by dye color, duration and the frequency of hair dyeing (Table 2) . Colors were classified into three groups, light brown, dark brown and black. The mean values of tail moments in subjects treated with these three colors were 1.43 ± 0.19, 1.54 ± 0.17 and 1.53 ± 0.51, respectively (p=0.594) ( Table 2 ). Statistically significant difference was not reached. The duration of hair dyeing was divided into less than 5 yr and 10 yr. Seven people had 10 yr of experience of hair dyeing. Two people did not have any history of hair dyeing. No significant difference was found between the two groups and their mean tail moments were 1.46 ± 0.19 and 1.42 ± 0.24, respectively (p=0.651) ( Table 2 ).
The frequency of hair dyeing was divided into three groups, namely, 6, 12 and 24 times per year. The different frequency groups seem to show similar trends in terms of DNA damages, and no significant difference was found between subjects who dyed their hair 6 times per year and those who dyed it 12 times per year. In the case those dyeing their hair 24 times per year, although the subjects showed slightly higher tail moments than the other two groups, i.e., 6 and 12 times per year, evidence of increased DNA damage was weak because of the small number of subjects (Table 2) . Figure 1 shows the different levels of DNA damage in lymphocytes before and after hair dyeing. The tail moment was increased in 15 people among 20 people 6 h after hair dyeing. This significant difference was determined by comparing before and after hair dyeing. The mean values of tail moments before and after hair dyeing were 1.45 ± 0.21 and 1.79 ± 0.36 respectively (p=0.0012)
Distribution of the difference in tail moments before and after hair dyeing
Effects of treatment and heating time on DNA damage in lymphocytes
The hair dyeing procedure included dyeing treatment and heating of the hair, which increases the rate of absorption of dyes into the hair. Therefore, DNA damage was determined versus treatment and heating time. Treatment time was divided into 5 min and 15 min and heating time into 10 min and 20 min (Figs. 2 and 3) . At a treatment time of 5 min, the mean values for tail moment before and after hair dyeing were 1.50 ± 0.10 and 1.47 ± 0.06, respectively. DNA damage in 17 subjects with a treatment time of 15 min showed a significant difference before and after treatment. The mean values for tail moment were 1.44 ± 0.22 and 1.85 ± 0.36, respectively (p=0.0006) (Fig 2) .
With a heating time of 10 min, the mean values for tail moment before and after hair dyeing were 1.63 ± 0.22 and 1.81 ± 0.43, respectively, which was not significant (p<0.441), but DNA damage in 14 subjects with a heating time of 20 min showed a very significant difference. The mean values for tail moment were 1.37 ± 0.15 and 1.78 ± 0.34, respectively (p=0.0004) (Fig 3) .
Discussion
A few genotoxic studies have been done on hair dyes in humans. In 1981, Kirkland et al. scored the sisterchromatid exchanges in the peripheral lymphocytes of 13 women and 1 man immediately before, and 6 h and 7 d after the application of hair dyes by a professional hairdresser under normal conditions. All the hair dyes were mutagenic to Salmonella, but they found that single applications of proprietary hair dyes did not cause a consistent increase in SCE levels 16) . Hofer et al found an increase in the chromosome aberration rate with time, but observed no difference between the control and exposed subjects 13) . In recent years, Sardas et al. carried out different tests, i.e., SCE, SCGE and Ames assay, and concluded that the slow penetration and release of currently permitted dyes from the skin into the systemic circulation seems unlikely to have a significant detectable genotoxic effect in terms of occupational exposure 5) . But in the present study, we used new hair dyeing procedures and included the hair heating stage, which is widely used in hair salons, to increase dye absorption into hair. We used different treatment times for hair dyeing and included a heating stage, and then determined the DNA damage by means of comet assay. The sampling times from subjects before and after hair dyeing were valid in this study.
The general characteristics of the subjects, in terms of age, exercise, drug and symptoms did not gave statistically significant differences in DNA damage. In addition, the results we obtained from the characteristics of the subjects, in terms of the dye colors, duration and frequency of hair dyeing confirm previous findings on The mean values for tail moments before and after hair dyeing were 1.45 ± 0.21 and 1.79 ± 0.36, respectively, and the difference was statistically significant in Wilcoxon rank sum test (p=0.0008).
the effects of hair dyes. Although Diem et al. observed that an age-dependent increase in the comet assay tail factor became significant in individuals older than 40 yr 17) , we did not observe any significant difference between the two age groups, 55-59 and 60-67 yr of age. Sardas et al. found that only smoking caused a slight increase in SCE 5 . Therefore, for this study we selected subjects who had no smoking history.
Chen et al. reported that two hair dye components, the carcinogenic 4-nitro-2-aminophenol and 5-nitroaminophenol, induced Cu(II)-dependent DNA cleavage frequently at thymine and guanine residues in DNA fragments obtained from the c-Ha-ras-1 protooncogene 18) . Many other studies have also looked at percutaneous penetration and the dermal absorption of hair dyes in vivo and in vitro 7, [19] [20] [21] [22] . Phenylenediamine and 2,5-diaminotoluene, which are essential components of many hair dyes are absorbed through the skin, when the dye is applied to the hair and scalp 7) . Scalp penetration of 7 oxidative and direct hair dyes, which occurs under conditions of hair dye usage was evaluated for both the rhesus monkey and man by using 14 C labeled materials and quantifying their absorption via urine assays. In neither case did their absorption exceed 1% of the applied dose 22) . 2-Nitro-ρ-phenylenediamine (2NPPD) is also rapidly absorbed and extensively metabolized in human and rat skin and 5-10% of the 2NPPD that contacts the skin is expected to be absorbed 19) .
The present study shows that acute exposure to hair dyes with heating caused DNA damage in peripheral lymphocytes, and that this damage is associated with treatment and is heating time dependent. But it seemed that heating time greatly affected DNA damage in peripheral blood cells because the heating of hair to increase hair dye penetration into hair stimulates the absorption of hair dye into the skin and these dye ingredients caused acute DNA damage in vivo to peripheral lymphocytes. As a limitation of this study, only one time point was examined. If subjects are exposed repeatedly to hair dyes, the more accumulated genetic damage could occur. And if there was genetic damage at more than 6 h, e.q. 24 h, greater DNA damage could be expected. Further studies, involving larger numbers of subjects and various hair dyeing conditions, are required for more precise information about the genotoxicity of hair dyes in humans. 
